Abstract Distributed generation (DG) is becoming more important due to the increase in the demands for electrical energy. DG plays a vital role in reducing real power losses, operating cost and enhancing the voltage stability which is the objective function in this problem. This paper proposes a multi-objective technique for optimally determining the location and sizing of multiple distributed generation (DG) units in the distribution network with different load models. The loss sensitivity factor (LSF) determines the optimal placement of DGs. Invasive weed optimization (IWO) is a population based meta-heuristic algorithm based on the behavior of weeds. This algorithm is used to find optimal sizing of the DGs. The proposed method has been tested for different load models on IEEE-33 bus and 69 bus radial distribution systems. This method has been compared with other nature inspired optimization methods. The simulated results illustrate the good applicability and performance of the proposed method. 
Introduction
DG is an emerging approach for providing electric power close to the load centers. It comprises the installation and operation of a portfolio of small size, compact and clean electric power generating units at or near the electric load [1] . The term Distributed Generation generally refers to small scale (typically 1 KW-50 MW) electric power generators that produce electricity at a site close to the customer or that are tied to an electric distribution system. DGs include synchronous generators, induction generators, reciprocating engines, micro turbines, combustion gas turbines, fuel cells, solar photovoltaic, wind turbines and other small power sources. There are many reasons for a customer to install a DG. It can be used to generate a customer's entire electricity supply for peak shaving or for standby or emergency generation, as a green power source or for increased reliability. DGs can be less costly as it eliminates the need for expensive construction of distribution and transmission lines. DGs can provide cost effective, environmental friendly, high power quality and more reliable energy solutions than conventional generation. The number of DG units installed in the distribution system has been increasing significantly and their technical, economical and environmental impacts on the power system are being analyzed. Presently, the technical impacts of interest are voltage profile, power loss, power quality, reliability, protection, power control and stability [2, 3] .
Radial distribution systems have high R/X ratio. Therefore general load flow algorithms such as Newton Raphson or fast decoupled power flow solutions are not used. The backward forward sweep is one of the most effective methods for load flow analysis of radial distribution systems. The convergences of backward forward sweep method with different load models are analyzed in [4] . The backward forward sweep method is the most commonly used technique for radial distribution networks [5] . The effect of load models in DG planning is considered to assess the technical impacts and feasibility of DG planning. The load model can affect the location and size of DGs. The different types of load models such as residential, industrial, and commercial loads are investigated in [6] . The selection of optimal location and size of DG units in the distribution network is a complex optimization problem [7] . The dynamic programming method is presented in [8] for locating and sizing of DGs to enhance voltage stability and to reduce network losses simultaneously. Here the vulnerable buses from voltage stability point of view are determined by using bifurcation analysis and considered for installation of DGs. The number of DGs is so chosen, such that the system voltage profile is brought into the given permissible voltage security limits [8] . A new index considering stable node voltages referred to as power stability index is used to find the most sensitive bus for DG placement [9] . Here an analytical approach is used for finding the optimum size and location of DG to minimize power loss. A mixed-integer linear programming approach in solving the steady state operation of radial distribution system considering different load levels is modeled through linear expressions in [10] . The effect of load models on DG was investigated and was found to significantly affect the DG planning [11] . A novel approach, which determines the location of DG by loss sensitivity factor and size by simulated annealing method has been proposed in [12] .
Many algorithms have been proposed by various researchers to determine the location and size of DGs. Particle swarm optimization (PSO) is a population based meta-heuristic algorithm which works in two steps such as calculating the particle velocity and updating the position. It reduces the computation time and requires little memory. But, PSO easily suffers from partial optimization [13] [14] [15] . Shuffled frog leaping is a population based algorithm which can be used for solving many complex nonlinear, multi-modal and non-differentiable problems. But the limitation is that it slows the convergence speed and also causes premature convergence [16, 17] . Genetic algorithm (GA) is a method which is easy to understand and it can be used to solve non-differential, non-dimensional and noncontinuous problems. GA applications that are performed in real time are limited due to random solutions and less convergence speed [18] . A combined GA and PSO algorithm is used for optimal placement and sizing of DG [19] . Bacterial foraging optimization algorithm (BFOA) is applied to solve various optimization problems in power systems due to its ability in searching the promising areas of the solution space but the complexity of BFOA algorithm forces the researchers to find a simple way to speed up the convergence [20] . A hybrid method based on improved particle swarm optimization algorithm (IPSO) and Monte Carlo simulation is applied for placement and sizing of DG [21] . Monte Carlo method is very flexible, and there is virtually no limit to the analysis but solutions are not exact. It depends on the number of repeated runs. Modified teaching-learning based optimization algorithm is one of the new optimization algorithms proposed for solving continuous nonlinear optimization problems. But it is limited to lower dimensional problems [22] .
Invasive weed optimization (IWO) is an ecological inspired algorithm that mimics the weeds colonization. It is proposed for electromagnetic applications in [24] . IWO algorithm has been applied for various optimization problems including design of non-uniform circular antenna array [25] , analysis of Nomenclature P k real power load at bus k P k;kþ1 real power flowing in the line between busses k and k + 1 P kþ1;eff total effective real power supplied beyond the bus k + 1 V k voltage magnitude at bus k J k;kþ1 branch current in the line section between buses k and k + 1 V min minimum voltage limits of the buses DV max maximum voltage drop limit between buses 1 and k R k;kþ1 resistance of the line section between buses k and k + 1 P loss ðk; k þ 1Þ power loss in the line section between buses k and k + 1 without DGs P min DGT minimum total power generation limit of the system P DG;loss ðk; k þ 1Þ power loss in the line section between buses k and k + 1 with DGs Q k reactive power load at bus k Q k;kþ1 reactive power flowing in the between buses k and k + 1 Q kþ1;eff total effective reactive power supplied beyond the bus k + 1 I k equivalent current injected at node k J k;kþ1;max maximum branch current limit of line section between buses k and k + 1 V max maximum voltage limits of the buses V worst worst voltage magnitude of the system X k;kþ1 reactance of the line section between buses k and k + 1 P DG;Tloss total power loss of the system with DGs P max DGT max total power generation limit of the system P DG;k power supplied from DG at the bus k n total number of buses b total number of branches pareto improvement model in electricity market [26] , design of aperiodic antenna arrays [27] , linear antenna array synthesis [28] , and multi-objective optimization problems and previous studies also show that it is used as a global optimizer for numerical benchmark as well as real world problems [29] and so on. The proposed method is used to find the optimal sizing of multiple DGs for minimizing the loss and operational cost and improving the voltage stability in the radial distribution system with different types of loads. In this paper, Loss sensitivity factor (LSF) is used to find the optimal location of the DG. From this sensitivity factor the buses are ranked in the descending order to form a priority list. The most sensitive locations are chosen to install the DGs. The result obtained shows that the proposed method is comparable with multiobjective evolutionary algorithm and it has improved the convergence rate and computation time. This method has been tested on IEEE-33 bus and 69 bus test systems and the results are compared with the different methods. The simulated result illustrates the good applicability and performance of the proposed method.
The rest of the paper is organized as follows: Section 2 presents the formulation of the optimization problem. Section 3 describes the loss sensitivity factor for optimal placement of DG. Section 4 discusses about IWO algorithm. Section 5 discusses how the problem can be solved using the proposed method. Results obtained for the proposed problem are presented in Section 6. Conclusions are presented in Section 7.
Problem formulation
The main objective of the proposed method is to determine the optimal placement and sizing of DGs that minimizes the multiobjective function subject to various unit constraints and operational constraints of a distribution network.
2.1. Factors related to optimal placement of DGs and constraints specific to distribution network 2.1.1. Power flow equation
The load flow of a single source network can be solved iteratively from two sets of recursive equations. The first set of equations is for calculation of the power flow through the branches starting from the last branch and proceeding in the backward direction toward the root node. The other set of equations is for calculating the voltage magnitude and angle of each node starting from the root node and proceeding in the forward direction toward the last node. The recursive equations are determined as follows,
The effective active power (P k;kþ1 ) that flows through branch k from node k to k + 1 can be calculated backward from the last bus and it is given as
where
P kþ1 = real power load connected at bus k + 1.
The voltage magnitude and angle at each bus are calculated in forward direction as
where ang=angle
Equating Eqs. (2) and (3),
The real power losses of branch k can be calculated as,
The total real power loss of radial distribution system can be calculated as
Power loss with DG
Determination of the optimal location of DGs reduces the power losses, enhances the voltage stability and reduces the cost. It improves the security of the supply and reliability.
Total power loss of the system with DGs is defined as
Power loss reduction
The power loss has to be reduced by installing the DG. Power loss index (DPL DG Þ is the ratio of total power loss with DG to the total power loss without DG and it is given by
By installing the DG we can maximize the net power loss reduction by minimizing DPL DG .
Voltage deviation index
The voltage deviation index can be defined as
By installing the DG, the proposed method will try to minimize the DV D nearer to zero. So it improves the voltage stability and the network performance.
Operational cost minimization
One of the advantages of DG installation is to minimize the operational cost. The operational cost has two components. The first cost is for real power supplied from the substation. This can be reduced by minimizing the total real power loss of the system. The second cost is the cost of real power supplied by the DG installed. This cost can be reduced by minimizing the amount of real power drawn from DG. So the total operating cost (TOC) can be minimized by using the formula which is given below,
where c 1 , c 2 are the cost coefficient of real power supplied by the substation and DGs in $/kw. P DGT is the total real power drawn from installed DG. The net operating cost (DOC) of DG that can be reduced is given as,
Objective function of the problem
The main objective function of the proposed multi-objective optimization method is to minimize the power loss, voltage deviation and total operating cost of the distribution system and it is given by
This objective function is subject to the following constraints.
Power balance constraint
Thermal limits jJ k;kþ1 j 6 jJ k;kþ1;max j ð 16Þ
Voltage drop limits
Distributed generation capacity limits
where P min DGT ¼ 0:1
The violation of the inequality constraints are penalized in the objective function.
Load model
A load model is the mathematical representation of relationship between bus voltage magnitude, real power and reactive power.
a, b are the load model coefficients. The values of these coefficients are as given in Table 1 . The load factor q is a multiplier by which the load power demand at all nodes is increased or decreased. These different load models at distinct load levels are used to check the robustness and capability of the proposed method for the practical implementation.
Loss sensitivity factor
Loss sensitivity factor is based on the principle of linearization of the original nonlinear loss equation around the initial operating point which helps to reduce the amount of solution space. Its application in the DG allocation is to find the optimal location of the DG is given by
According to the sensitivity factor the buses are ranked in the descending order to find the most sensitive location. The top ranked locations that are more sensitive are taken into account to install the DGs.
Overview of invasive weed optimization algorithm
IWO is the optimization algorithm developed by Mehrabian and Lucas in 2006. This numerical stochastic optimization algorithm inspired from the phenomenon of colonization of invasive weeds in nature is based on weed biology and ecology [24] .
Weeds invade a cropping system by means of dispersal. Each invading weed takes the unused resources in the field and grows to the flowering weed and produces new weed independently. According to their fitness value the weeds are ranked and reproduce the new weeds by their own fitness and it was randomly dispersed over the search space and allows growing to flowering weeds. There is some kind of competition between the plants which limits the maximum number of plants in the colony. Plants in the lowering rank will be eliminated to reach the maximum number of plants. Surviving plants can produce new weeds based on their ranking in the colony. This process continues until the maximum number of iterations is reached or the fitness criterion is met.
Steps of IWO algorithm
There are four steps in the algorithm as described below
Step1. Initialization: A search space is taken and a certain number of weeds are initialized randomly in the entire search space. [21] 0.92 4.04 Industrial load (IND) [21] 0.18 6 Commercial load (COM) [21] 1.51 3.4
Step2. Reproduction: The randomly produced weeds are now allowed to produce seeds. The production of seeds by a weed is dependent on its own fitness and the fitness of its colony. The weed having more fitness produces maximum number of seeds whereas the weed with least fitness produces minimum number of seeds. The seeds produced by weeds increase linearly starting with worst fitness and ending with the best fitness.
sðiÞ ¼ s max À abs floor s max Ã g bestÀrkðiÞ g best À g worst ð23Þ
Step3. Spatial dispersion: The generated seeds are randomly distributed in the entire search space by normal distribution with zero mean and varying standard deviation. The constraint mean is maintained zero with varying variance. This step ensures that the seed is randomly distributed around the parent weed. The standard deviation (SD) decreases with increase in iterations in a nonlinear manner.
Let n be any real number (generally, we consider it as modulation index), the standard deviation of a particular iteration is given as
This step ensures that the probability of dropping a seed in distant area decreases nonlinearly. By this we can group the fitter plants from that of the inappropriate plants.
Step4. Competitive Exclusion: There exists a competition between plants for survival. If a plant produces no offspring, it goes extinct. The initial plants in the colony reproduce plants very fast and all the plants will be considered in the colony. But the population cannot go more than maximum population (pop max ). So the plants with more fitness are taken into the colony and the less fitter plants are neglected. Now, in this step the plants in the colony are considered as parent plants and steps 2-4 are repeated again until the maximum number of iterations is reached. This is the selection procedure of IWO.
One important property of the IWO algorithm is that it allows all of the plants to participate in the reproduction process. Fitter plants produce more seeds than less fit plants, which tends to improve the convergence of the algorithm. Furthermore, it is possible that some of the plants with the lower fitness carry more useful information compared to the fitter plants. This property of IWO gives a chance even to the lesser fit plants to reproduce and if the seeds produced by them have good finesses in the colony they can survive to find the better solutions.
Implementation of proposed method to optimal placement and sizing
Step 1: Input the system data which includes the branch number, sending end bus, receiving end bus, resistance (R) and reactance (X) of the line, real power (P) and reactive power (Q) of each bus.
Step 2: Calculate the power flow of the entire system by using backward forward sweep method.
Step 3: To identify the location of the DG to be installed the LSF is used. From the power flow, the LSF for each bus is calculated by using Eq. (22) Step 4: The IWO algorithm is used for sizing of DGs. The implementation of IWO algorithm to find the size of the DGs is that each seed corresponds to a candidate solution of the DG problem and each occupies a node. The capacity of the DGs is made to be bounded in specified range.
The following parameters are initialized.
s max : Maximum number of weeds (10) . s min : Minimum number of weeds (0). s: total number of weeds in the population (100). r initial : Initial standard deviation (2). r final : Final standard deviation (0.0001). n: Nonlinear modulation index (5).
Step 5: The DG values (weed values) are randomly initialized. The weeds with the highest fitness produce the maximum number of seeds and those with lowest fitness produce minimum seeds. The seed produced by a weed is calculated by using Eq. (23).
Step 6: The produced seeds are randomly distributed near the parent weed with zero mean and varying standard deviation. The standard deviation is calculated using Eq. (24).
Step 7: Now the generated seeds are added to the solution set and the fitness values are calculated for the combined set of weeds and seeds.
Step 8: The population is sorted in descending order of their fitness. Truncate the population with minimum fitness until the maximum population is reached and the fitness of the new solution set is calculated.
Step 9: The steps 5-8 are repeated until maximum number of iterations is reached.
Simulation results and discussion
To illustrate the effectiveness of the proposed approach it is tested on IEEE-33 bus and IEEE-69 bus systems for different load types. According to the importance given to each of the objectives -power loss minimization, voltage deviation index reduction and cost minimization -the weighting factors are taken as a 1 = 0.5, a 2 = 0.4, a 3 = 0.1 and cost components are taken as C 1 = 4 $/kW and C 2 = 5 $/kW. C 2 is taken as slightly greater than C 1 by taking the maintenance and installation cost of DG into consideration [20] . The parameters of IWO considered are s max = 10, s min = 0, s = 100, r initial = 2, r final = 0.0001, n = 5. To test the efficiency of the proposed approach the test systems are simulated for different load types such as CP at loads of 0.5 (light), 1.0 (full), 1.6 (heavy), CC, CI, residential, industrial and commercial loads. In this study, it is considered that the DG is operated at two different power factors. The parameters initialized for the IWO algorithm are common for both the test systems. MATLAB software is used to run the power flow, for the development of IWO algorithm and to recognize the optimal location and sizing of DG units.
IEEE-33. bus system results
The system under study is the IEEE-33 bus system. The network parameters and related data can be found in [30] . The system has 33 buses, 32 lines with the total real and reactive power loads of 3.72 MW and 2.3 MVAr, respectively. The power losses of the CP (light), CP (full), CP (heavy), CC, CI, residential, commercial and industrial load systems has been calculated for the base case power flow (without DG). The values obtained are presented in Table 2 and Table 3 .
Loss sensitivity factor is used for the placement of the DGs. The bus that has high sensitivity is capable of causing voltage instability. The LSFs of all buses are computed from power flow and then they are arranged in descending order. The first three buses are considered as an optimum places for DGs to be installed. The bus numbers chosen as per LSF are 14, 18 and 32. The DG installation at more than three locations does not result in significant reduction in power loss [23] . The optimum size of the DG is found by using IWO algorithm.
The optimum values of DGs to be installed as determined by the proposed IWO are as shown in the Table. The comparison of these power losses shows that there is a substantial reduction for all loads -light, full and heavy -and different load models. The corresponding percentage loss reduction and power loss reduction index are shown. Also shown in the Tables are the comparison of the minimum voltage magnitudes, V worst along with its bus number. It is observed that with DG placement the minimum voltage magnitude has improved for all load models. Similar comparison of voltage deviation index, DV D shows its value with DG is lower for all load models. From the values obtained for power loss, V worst and DV D it is proved that IWO is very effective in finding the optimal size of DGs to be installed. Also shown in the Table is the total operating cost, TOC for DGs installed. From Table 2 it has been observed that the total installed DG is the highest (3.14477 MW) for CP heavy load and it is the least (0.8279 MW) for CP light load. From Table 3 it has been observed that the total installed DG is the highest (1.8235 MW) for residential load and it is the least (1.1324 MW) for CI load.
Comparison of IEEE-33 bus system results
The simulated results of IWO are compared with those of genetic algorithm (GA) [19] , particle swarm optimization (PSO) [19] , combined GA/PSO [19] , simulated annealing (SA) [12] and bacterial foraging optimization algorithm (BFOA) [20] in Table 4 . For validation purpose the test system is simulated with DGs operating at power factors of unity and 0.866 as was the case in the above referred systems. The reduction in the operating cost (given by Eqn. (11)) is due to reduction in the percentage loss and DG size. Finally, V worst of IWO has also improved. From the Table it is observed that the operating cost by IWO is the least of all the methods shown for comparison. The optimal size obtained by DG is the minimum of all other methods. The percentage loss reduction which is better by IWO is also the least of all the methods except SA. Also, V worst of IWO has improved compared to other methods. For 0.866 p.f. It has been demonstrated that the IWO algorithm determines the optimal location and size of DGs with increase in percentage power loss reduction, improved voltage stability margin and minimum operating cost.
The statistical comparison of voltage deviation index, power loss index and net operating cost for IEEE-33 bus system with genetic algorithm (GA) [19] , particle swarm optimization (PSO) [19] , combined GA/PSO [19] , simulated annealing (SA) [12] and bacterial foraging optimization algorithm (BFOA) [20] is shown in Fig. 1 . It is shown from the figure that the power loss index, voltage deviation index and TOC of IWO algorithm are reduced compared to other algorithms. The results show the efficiency of IWO algorithm for reduction of power loss, improvement in voltage profile and reduction in TOC. Convergence characteristics of different methods are shown in Fig. 2 to compare the quality of minimized objective function. It is clear that IWO needs only less iteration to achieve the minimized objective function. It is observed that IWO provides the highly minimized objective function compared to other nature inspired optimization approaches.
Voltage profiles and the line losses of IEEE-33 bus systems of various CP (light), CP (full), CP (heavy), CC, CI, residential, commercial and industrial load systems are shown in Figs. 3 and 4 with and without DGs. From Fig. 3 it is observed that the voltage profile has improved for all the types of loads after installing the DGs. The reduction in the power losses is observed in Fig. 4 . This reveals the effectiveness of the proposed algorithm.
IEEE-69. bus system results
The system under study is IEEE-69 bus system. The network parameters and related data can be found in [30] . The system Figure 1 Comparison of performances of IWO for IEEE-33 bus system with other methods [20] .
has 69 buses, 68 branches with the total real and reactive power load of 3.80 MW and 2.69 MVAr respectively. The power loss of the CP (light), CP (full), CP (heavy), CC, CI, residential, commercial and Industrial systems has been calculated for the base case power flow (without DG). The values obtained are presented in Table 5 and Table 6 . Loss sensitivity factor is used for the placement of the DGs. The bus which has high sensitivity is capable of causing voltage instability. The LSFs of all buses are computed from power flow and then they are arranged in descending order. The first three buses are considered as an optimum places for DGs to be installed. The bus numbers chosen as per LSF are 27, 65 and 61. The DG installation at more than three locations does not result in significant reduction in power loss [23] . The optimum size of the DG is found by using IWO algorithm.
The optimum values of DGs to be installed as determined by the proposed IWO are as shown in the Table. The comparison of these power losses shows that there is a substantial reduction for all loads -light, full and heavy -and different load models. The corresponding percentage loss reduction is shown. Also shown in the Tables is the comparison of the minimum voltage magnitudes, V worst along with its bus number. It is observed that with DG placement the minimum voltage magnitude has improved for all load models. Similar comparison of voltage deviation index, DV D shows its value with DG is lower for all load models. From the values obtained for power loss, V worst and DV D it is proved that IWO is very effective in finding the optimal size of DGs to be installed. Also shown in the Table is the total operating cost, TOC for DGs installed. From Table 5 Figure 2 Comparison curve of convergence characteristics of IWO for IEEE-33 bus system with other methods [20] . it has been observed that the total installed DG is the highest (2.7643 MW) for CP heavy load and it is the least (1.0259 MW) for CP light load. From Table 6 it has been observed that the total installed DG is the highest (2.6621 MW) for industrial load and it is the least (1.131 MW) for CI load. The simulated results of IWO are compared with those of genetic algorithm (GA) [19] , particle swarm optimization (PSO) [19] , combined GA/PSO [19] , simulated annealing (SA) [12] and bacterial foraging optimization algorithm (BFOA) [20] in Table 7 .
For validation purpose the test system is simulated with DGs operating at the same power factors of unity and 0.866. For unity p.f. Since IWO is a nature inspired algorithm, performance statistical measures have been implemented. Among the 100 independent runs the TOC obtained by IWO is $ Fig. 5 it is observed that the voltage profile has improved for all the types of loads after installing the DG. The reduction in the line losses is observed in Fig. 6 . This reveals the effectiveness of the proposed algorithm.
Conclusion
The proposed method has been tested on IEEE-33 bus and 69 bus systems. The optimal location and optimal size were determined using the LSF and IWO methods respectively. It is also implemented on these systems with different types of loads. The different power factors are also taken into account. The results obtained are compared with those of GA, PSO, GA/PSO, SA and BFOA methods. The value of the DV D for all the load models is near to zero. This indicates that the voltage profile is improved by the placement of DG. The solution obtained using the constant power load models may not be feasible for industrial and commercial loads. Therefore the load model effects have been considered for proper planning of location and size of DGs. The comparisons show that the performance of the proposed multi-objective optimization method on minimization of power loss, enhancement of voltage stability and reduction in TOC with DGs at different power factors is better than the other methods. From the results obtained it can be concluded that the proposed method is highly suitable for determining the placement and size of the DG units in distribution networks. 
